for (ANCOVA: full model, P = 0.69; treatment, P = 0.34; relationship to SVL, P = <0.05). The blood glucose of aestivating frogs (0.96 ± 0.06 mM) was significantly lower compared with control 1 4 0 frogs (1.66 ± 0.08 mM; P = <0.001).
4 1
Whole animal metabolic rate and muscle mitochondrial respiration production and this has only recently received experimental attention in natural models of muscle mitochondrial function using permeabilised fibres, tissues or cells. In the current study we have
verified the use of saponin-permeabilised muscle fibres (Kuznetsov et al., 2008) , an approach which
is more likely to resemble conditions in living cells than analyses using isolated mitochondria
preparations. We have shown that aestivating C. alboguttata are capable of selectively suppressing
or maintaining rates of mitochondrial respiration within distinct muscle tissue types and our study is the first to measure net mitochondrial ROS production (i.e. the sum of H 2 O 2 production that escapes 2 0 0 the mitochondrial antioxidant system) during aestivation using a combination of mitochondrial
substrates, which better reflects physiological conditions. We have also demonstrated that C. control of mitochondrial respiration and ROS production in aestivating animals. Mitochondria are the principal sites of skeletal muscle fuel metabolism and ATP production. It
follows then that mitochondrial metabolism should be suppressed in disused skeletal muscles of mitochondrial and whole-animal respiration during aestivation by more than 80% (Kayes et al., period of aestivation and/or differences in the preparation of isolated mitochondria.
1 7
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Whereas both resting and active mitochondrial respiration were significantly depressed in skeletal aestivating and control frogs across all respiratory states. In amphibians, the response of the heart 2 2 0 during aestivation varies depending on the species. Heart rate has been shown to decrease Gehlbach et al., 1973; Seymour, 1973; Glass et al., 1997) ATP to support critical functions. The maintenance of mitochondrial respiration in aestivating C.
alboguttata cardiac muscle at control levels suggests that aestivators continue to produce ATP in 2 2 7
the heart for important functions such as contraction and relaxation, and membrane transport systems (e.g. Na
. This is consistent with the requirement to continue adequate
delivery of blood and oxygen to the tissues, whilst ensuring the cardiovascular system is ready to
sustain sudden activity upon arousal from aestivation. Our heart data are supported by recent studies
examining mitochondrial respiration of cardiac muscles in hamsters (Phodopus sungorus) and consumption at levels similar to that of control (i.e. interbout euthermic) animals across a range of 2 3 5 respiratory states. In the current study we hypothesised that aestivating C. alboguttata would produce less ROS from 2 3 8
permeabilised muscle fibres relative to awake frogs. Skeletal muscle ROS production during 2 3 9
LEAK N tended to be lower in aestivating animals, and was significantly decreased at sub-saturating Indeed, the concentration of succinate in many mammalian tissues is considered to be low, in the 2 4 8 0.2-0.5 mM range (Starkov, 2008 presented as these metabolites change rapidly (Zoccarato et al., 2009 ). However, blood glucose
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 9 concentrations were much lower in aestivators than active C. alboguttata (this present study) and ROS production in aestivators. Previous studies have shown that aestivating C. alboguttata sustains hindlimb muscle mass 2 5 7
until 6-9 months of aestivation (Hudson et al., 2006; Mantle et al., 2009 ). We suggest that decreased
ROS production in four-month aestivating skeletal muscle may represent a mechanism by which 2 5 9 dormant C. alboguttata limit muscle fibre atrophy. Indeed, a recent study found no evidence of lipid alboguttata following 6 months aestivation (Young et al., 2013) . Previous studies have also
emphasised the protective effects of increased muscle antioxidant production in dormant burrowing experimental data suggest C. alboguttata maintain an appropriate ratio of antioxidants to pro-
oxidants, and this should prevent oxidative stress and premature skeletal muscle fibre atrophy. Decreased production of ROS in C. alboguttata skeletal muscle is in contrast to what has been 2 6 7
observed during immobilisation-induced muscle atrophy in mammalian models (Min et al., 2011) .
Two weeks of cast immobilisation in mice resulted in both increased rates of mitochondrial H 2 O 2 2 6 9
release from permeabilised skeletal muscle fibres and higher levels of muscle lipid peroxidation,
while administration of a mitochondrial-targeted antioxidant to mice also inhibited the increase in 2 7 1 muscle mitochondrial H 2 O 2 production and attenuated myofibre atrophy. Given that mitochondrial respiration in C. alboguttata permeabilised cardiac muscle fibres
was not different between controls and aestivators, it is perhaps not surprising that mitochondrial
ROS production from the heart was also unchanged. Due to its high energetic demand and
abundance of mitochondria the heart is presumably very sensitive to oxidative damage. Data on the 2 7 7
production of mitochondrial ROS from heart tissue and their role in cell signalling during dormancy cardiac muscle during aestivation, while protein and enzyme activity levels of antioxidants within 2 8 0 heart have been shown to increase, decrease or remain unchanged depending on the species, modulate antioxidants in the heart to protect macromolecules from potentially lethal stress-induced heart tissue during dormancy. We have shown that C. alboguttata heart and skeletal muscle tissue respond differently during aestivation with respect to mitochondrial respiration and ROS production. This is of particular interest, as it exemplifies C. alboguttata's capacity to independently regulate distinct organs consistent with markedly reduced muscle contraction throughout the aestivating period, allowing 2 9 7
significant energy savings for dormant frogs. Muscle is a highly excitable tissue and its metabolic 2 9 8 rate can increase rapidly within a very brief period of time. Thus, it is likely that skeletal muscle
mitochondrial respiration is quickly restored to normal levels to facilitate muscle contraction when contract upon arousal, it is imperative that the burrowing frog heart maintain its morphology and research is required to determine the roles of mitochondrial ROS in cardiomyocyte signalling and
homeostasis during metabolic depression. 
MATERIALS AND METHODS
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Experimental animals and whole animal metabolic rate
The following experiments were approved by the University of Queensland Animal Ethics were placed into individual 500 mL glass chambers filled with wet paper pellets that was allowed to 3 2 2 dry out naturally over a period of several weeks. Animals burrowed into the paper pellets as the
chambers dried out and adopted a water-conserving posture. All frogs were maintained in a 3 2 4
temperature-controlled room (23°C) with a 12:12 h light/dark regime. Aestivating frogs were kept 3 2 5
in cardboard boxes to reduce the effects of light disturbance. Throughout the experiment, whole
animal metabolism was measured in aestivating (N = 12) and control frogs (N = 10) as previously prior to sampling and removed immediately following final oxygen consumption measurements.
Control frogs were then fed. Rates of oxygen consumption (VO 2 ) were measured using closed-
system respirometry using a fibre optic oxygen transmitter with oxygen-sensitive spots (Precision
Sensing GmbH, Regensburg, Germany), which measure the partial pressure of oxygen (as a formed thin cocoons around their bodies.
7
Preparation of permeabilised muscle fibres
The permeabilised skeletal and cardiac muscle fibre preparations were performed using phosphocreatine and leupeptin at pH 6.8. Skeletal and cardiac muscle samples were then teased 3 4 7 apart into individual fibre bundles using sharp forceps and placed into 1 ml of fresh relaxant buffer Mitochondrial respiratory flux
Km (e -(x 10^19 )
Skeletal muscle
Control ( 
